ABSTRACT The soluble phase of the cytoplasm of poliovirus-infected cells contains an enzymatic activity able to copy RNA without an added primer. This replicase activity has been purified 60-fold; it is absent from uninfected cells. Poly(U) polymerase activity copurifies with replicase activity. Although less pure replicase fractions copy a variety of RNAs, purer fractions respond better to poliovirus RNA than to other viral RNAs. Even the less pure fractions make a specific copy of the added template, as shown by hybridization of the product to its template RNA but not to other RNAs. Among homopolymers only poly(A)oligo(U) was copied by the replicase; other primed homopolymer templates were inactive.
In an attempt to find the enzymes that replicate poliovirus RNA in infected cells, we previously used the strategy of assaying for poly(U) polymerase activity with poly(A)-oligo(U) as template-primer. Poly(U) polymerase was detected in infected cells but not in uninfected cells (1) . Two forms of polymerase were characterized: one, sedimenting at 4-5 S, was apparently a monomer of about 63,000 molecular weight that corresponded to a single viral protein called p63; the other was a 7S form, containing both the 77,000 molecular weight noncapsid viral protein 2 (NCVP2) and p63 (2) . The p63 monomer was recovered from membranes and was also the only viral protein involved in elongation of pre-initiated RNA in the replicative intermediate RNA (2) . The 7S form was recovered from the soluble phase of a cell extract.
To further examine the enzymes of poliovirus RNA replication, we have concentrated on the soluble 7S form because it is more easily purified and quite stable. Another reason for using this form is that it will copy poliovirus RNA if an oligo(U) primer is added (J. B. Flanegan, T. A. Van Dyke, and D. Baltimore, unpublished observations). Here we report that the 7S form can copy poliovirus RNA without an added primer. After one step of purification it shows no template specificity, but after further purification the enzyme shows a preference for poliovirus RNA as a template.
MATERIALS AND METHODS
Preparation of Infected Cell Extract. HeLa cells were grown in suspension culture and infected with poliovirus type 1 as described (3) . At 5 hr after infection, 100 ml of infected cells (4 X 106 cells per ml) were collected by centrifugation, washed once in Earle's saline, and resuspended in 10 ml of 10 mM Tris-HCI, pH 7.5/10 mM NaCl/1.5 mM MgCl2. A cytoplasmic extract was prepared by breaking the cells in a Dounce homogenizer. The extract was centrifuged at 20,000 X g for 30 min; the supernatant was considered fraction I.
Purification of Replicase. Phosphocellulose chromatography. Phosphocellulose was prepared by the method of Burgess (4) and chromatography was performed as described (2 Poly(U) Polymerase and Replicase Assays. The poly(A)-oligo(U)-dependent poly(U) polymerase activity was assayed for 30 min at 30°C as described (1) . The poliovirus RNA-dependent replicase activity was assayed by adding [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] in the presence of 26 ng of the indicated added RNA. The mixture was adjusted to 0.5% sodium dodecyl sulfate/0.45 M NaCl/0.045 M Na citrate and allowed to hybridize at 70'C for 1 hr. The sample was chilled and split into equal portions, and one portion was treated with 125 Atg of pancreatic ribonuclease per ml and 25 units of T1 ribonuclease per ml. Acid-precipitable radioactivity was determined. Background radioactivity from a boiled but unannealed sample was substracted (5-10%), and the percent of ribonuclease resistance was calculated.
RESULTS
To examine whether the soluble, poliovirus-specific poly(U) polymerase activity (1) corresponds to an enzyme also capable of copying poliovirus RNA, we purified it by phosphocellulose chromatography (2) . Because initial studies suggested that the Mg2+ concentration of the reaction mixture might be critical, the ability of the enzyme to copy poliovirion RNA was tested as a function of Mg2+ concentration. In the presence of 2-3 mM Mg2+, the enzyme was able to incorporate UMP in response to addition of poliovirion RNA (Fig. 1) . No incorporation was apparent in the absence of added RNA, implying that RNAdependent RNA synthesis was occurring. Addition of an oligo(U) primer did not stimulate incorporation, and all four ribonucleoside triphosphates were needed for optimal activity (data not shown). The optimum for Mg2+ concentration was quite sharp (Fig. 1) .
The product made by the polymerase was ribonuclease resistant (data not shown). To determine whether the product was a copy of the added viral RNA, we isolated, denatured, and renatured the ribonuclease-resistant product either by itself or in the presence of either poliovirus type 1 RNA or heterologous RNA (Table 1) . Poliovirus type 1 RNA could drive all of the product into a ribonuclease-resistant form whereas the selfannealed product or the product annealed with heterologous viral RNAs showed only 20% ribonuclease resistance. Interestingly, even poliovirus type 2 RNA annealed to the product only slightly; poliovirus type 1 and type 2 share only limited sequence homology (7) . The viral polymerase purified through the phosphocellulose step is thus able to copy added viral RNA with high fidelity. The viral protein in this fraction consists mainly of NCVP2 and p63 (2) ; this fraction appears to contain a true RNA replicase although the exact structure of the active form is not clear.
The Replicase Activity Is Poliovirus-Specific. Although it was previously shown that the poly(U) polymerase activity is not present in uninfected cells (1), we determined whether the replicase activity is specific to infected cells by eluting mockinfected and infected extracts from phosphocellulose and assaying the fractions for RNA synthesis in response to poliovirus RNA. The eluate of mock-infected cells showed no replicase activity, but the infected extract contained a peak of active enzyme ( Fig. 2A) . This peak eluted in coincidence with the poly(U) polymerase activity at about 0.15 M KC1. The poliovirus-specific RNA-dependent replicase activity was first detected at about 3 hr after infection and increased linearly until 5 hr after infection (Fig. 2B) . The first increase in enzyme activity coincided with the start of detectable virus-specific RNA synthesis. Similar results were reported for poly(U) polymerase activity (1) and for the endogenous poliovirus replicase activity (3), although the latter activity reached a maximum value much earlier and then decreased with kinetics similar to those found for the rate of RNA synthesis within the infected cell (8) . As is evident from Fig. 2B , the replicase activity decreases during later stages of infection, possibly reflecting instability of the replicase molecule.
Further Purification and Characterization of Replicase. The phosphocellulose-purified replicase could be further purified by binding to poly(U)-agarose in low salt and eluting with 0.25 M KC1. This yielded a fraction about 60-fold purified over the crude extract ( iovirus RNA as a template. The replicase activity at this stage of purity is completely dependent on added template and Mg2+ (Table 3) . Addition of phosphoenolpyruvate and pyruvate kinase had no effect on RNA synthesis. KCI was inhibitory: only 25% of the replicase activity remained at 50 mM KCI. When ATP, GTP, and CTP were omitted from the reaction, there was very little RNA synthesis, indicating that RNA synthesis directed by replicase was dependent on the addition of all four ribonucleoside triphosphates. The enzyme could incorporate GMP or CMP when labeled GTP or CTP was provided, and incorporation of these labeled compounds was absolutely dependent on the addition of the other three triphosphates (data not shown). When UTP was used as the label, the residual activity in the absence of the three ribonucleoside triphosphates was probably due to copying of the 3'-poly(A) of the template because nearest-neighbor analysis showed that only poly(U) was made (data not shown). Nearest-neighbor analysis of the product made with [32P]UTP and the other three ribonucleoside triphosphates demonstrated synthesis of a balanced heteropolymer (data not shown).
Template Specificity. To examine the template specificity of the replicase, we tested both the phosphocellulose-purified preparation (fraction II) and the poly(U)-agarose-purified preparation (fraction III) for their ability to copy a battery of RNAs (Fig. 3) . Fraction II incorporated equally well in response to all RNAs (Fig. 3A) ; by contrast, fraction III showed a preference for poliovirus RNA over all others tested (Fig. 3B) . The least active template was cowpea mosaic virus RNA, an RNA very like poliovirus RNA in having a 3'-poly(A) (9) and a 5'-protein (10) . The preference for poliovirus RNA was 2-to 4-fold over all of the other RNAs on a weight basis, but because poliovirus RNA is bigger than the others, on a molar basis the preference for the homologous template was even greater.
The assay conditions for poly(U) polymerase activity in re- Poliovirus-infected HeLa cells (6 X 108) were collected 5 hr after infection and replicase was purified.
Replicase activity of each fraction was measured by using 13HJUTP as the labeled substrate in the presence of three other ribonucleoside triphosphates and poliovirion RNA. Fractions were assayed immediately after collection. * One unit of replicase activity is defined as the amount of protein required to catalyze the incorporation of 1 pmol of labeled UMP into acid-precipitable form. To detect this activity, we initially used an assay for poly(U) polymerase activity in response to poly(A)-oligo(U) (1). Even our purest replicase preparation still contains this activity, implying that replicase and poly(U) polyrnerase are probably closely related activities.
As described previously (2), the soluble replicase activity (fraction 11) contains mainly viral proteins NCVP2 and p63. Fraction III still contains both NCVP2 and p63 (data not shown). We have carried out a number of fractionation schemes that separated p63 from NCVP2. As reported for pure p63 recovered from membranes (2) , poly(U) polymerase activity is always associated with fractions rich in p63, but often such fractions will not copy viral RNA effectively. We therefore believe that NCVP2 may be a crucial part of the replicase. The need for NCVP2 for replicase activity was implied by the data of Bowles and Tershak (11) . Lundquist and Maizel (12) have suggested that NCVP4 (p63) is necessary but not sufficient for viral RNA synthesis.
At its present stage of purity (fraction Ill), the replicase shows preference for poliovirus RNA as a template. Fraction II did not show such specificity, implying that contaminating activities in fraction II can diminish specificity. Preliminary data (unpublished) indicate that fraction II replicase makes complementary copies of the variety of RNAs that stimulates its activity. These copies represent the total sequence of the RNA in short pieces of complementary RNA, suggesting that many initiation events may occur.
How the replicase initiates either specific or nonspecific copying remains obscure. From the increased specificity of fraction lIl compared to fraction II, it seems likely that specific and nonspecific copying represent different modes of initiation. Specific initiation could involve the 3'-poly(A) of viral RNA as a template because the replicase can accept poly(A)-oligo(U) as a template but not any other polymer. There must, however, be other regions of viral RNA involved iII specific recognition because all poly(A)-containing RNAs were not equally effective templates. As suggested previously, specific initiation may involve the 5'-terminal protein of viral RNA, VPg (13, 14) . Possibly VPg is part of N(CVP2; this possibility is presently being investigated.
We were surprised to find replicase in the soluble phase of (19, 20) . Purification of other RNA animal virus replicases has not been achieved. A plant viral replicase that specifically recognizes its homologous RNA has been described (21) .
The best-studied viral replicase is that of Q4 bacteriophage. The Q/ replicase differs from the poliovirus replicase in a number of ways. One is the lack of template specificity in the crude poliovirus replicase; the Q( replicase shows high specificity even after one step of purification by ion-exchange chromatography (22) . Plant virus polymerases are similar to the poliovirus polymerase in showing little specificity; no plant virus polymerase has yet been purified to the point of showing specificity for polymerization, but the cowpea mosaic virus polymerase does show specific binding to homologous RNA (21) . A second difference is that the Q( and f2 enzymes copy poly(C) but not other polymers (16, 17) ; the poliovirus enzyme copies poly(A) complexed to oligo(U) but not other homopolymers (Table 4) . For the phage replicase, the poly(C) copying is thought to be an analog of the initiation of viral RNA synthesis, which generates 5'-oligo(G) on phage RNA (23) . For poliovirus, we believe that its copying specificity for homopolymers also reflects initiation events.
